ABSTRACT: While it is widely believed that oceanographic conditions influence benthic filter-feeding organisms, linkages between water column and population processes on rocky shores have been difficult to document. Here we combine laboratory and field studies to explore the relationship between water column conditions and the feeding, growth and population dynamics of the northern acorn barnacle Semibalanus balanoides. S. balanoides feeding behavior in a flow tank was strongly dictated by flow speeds, food concentrations, and temperatures. The percentage of barnacles feeding increased with both flow speed and food concentrations, but was depressed at high temperatures. These patterns were accurately reflected in S. balanoides feeding in the field. Moreover, within and among populat i o n~, variation in barnacle growth over a wide geographic area directly reflected corresponding variation in flow speed, food abundance, and water temperature. Flow effects on barnacles also had conspicuous population consequences. Since barnacle recruitment and growth are both enhanced at high flow speeds, barnacle density-dependent dynamics may often be strongly affected by flow conditions. Our results suggest that water column processes can powerfully affect passive filter feeding organisms on rocky shores and that oceanographic conditions may often leave a strong signature on the distribution, abundance, and dynamics of assemblages of sessile marine organisms.
INTRODUCTION
It is widely recognized that environmental conditions play a major role in shaping natural populations, but physical transport processes such as winds and currents are often overlooked as determinants of population and community patterns. In terrestrial plant communities winds can dictate pollen (Tonsor 1985 , Bos et al. 1986 ) and seed dispersal (Fenner 1985) as well as influence local rnicrohabitat conditions (Geiger 1971 ). For marine filter-feeding organisms, however, transport processes may not only dictate propagule dispersal (Roughgarden et al. 1987 ) and environmental variation (Valiela 1984 , Day et al. 1989 ), but also strongly influence food supply by dictating food deliv-' Present address. Zoology Department, Oregon State University, Corvallis, Oregon 97331, USA "Addressee for correspondence ery rates (Vogel 1981 , Wildish & Peer 1983 , Okamura 1984 . For these organisms linkages between physical transport processes, environmental heterogeneity and population dynamics may be especially strong. The role of these linkages in molding benthic marine assemblages, however, is poorly understood.
Sessile filter-feeding organisms are especially well suited for examining flow effects. Since they do not move as adults, sessile organisms rely on resources from their immediate surroundings, and their performance should reflect local conditions. Flow effects on sessile organisms are probably most pronounced on passive filter feeders since their maximum possible food supply can be envisioned as the product of food concentrations and delivery rates (Eckrnan et al. 1989b ). In addition, since benthic marine assemblages on hard substrates are often space limited (Connell 1961 , Jackson 1979 , factors that influence their growth likely have important consequences on competitive interactions.
Mar. Ecol. Prog. Ser Recent studies of filter-feeding organisms have focused on the influence of flow on feeding success. These studies assume that flow-related variation in feeding success is simply linked to variation in growth rates and other population processes. Laboratory studies have shown strong flow effects on the settlement (e.g. Eckman 1983 , Butman 1987 , Pawlik et al. 1991 and growth (e.g. Walne 1972 , Okamura 1984 , 1992 , Cancino & Hughes 1987 , Best 1988 ) of filter feeders. Recent work has also begun to examine the behavior of near-boundary flows that should ultimately lead to a mechanistic understanding of how fluid dynamics influence benthic processes (Nowell & Jumars 1984 , Butman 1987 , Shimeta & Jumars 1991 . Establishing the role of fluid dynamics on growth and population processes in the field, however, has proven to be more difficult (e.g. Sebens 1984 , Eckman et al. 1989 . To date, most field investigations of flow effects on the growth and population processes of filter feeders have focused on soft sediment environments where flows are often relatively well behaved and easily characterized (Peterson et al. 1984 , Peterson & Black 1987 zle & Morin 1989 , Gambi et al. 1990 , Irlandi & Peterson 1991 . In contrast, on rocky shores where flows are often turbulent, complex and more difficult to characterize, little work has been done linking flow conditions and population processes (Okamura 1992) .
The velocities and food concentrations actually seen by small filter feeders on the bottom are not the same as those measured well away from the bottom (Vogel 1981 , Nowell & Jumars 1984 . Complex gradients in both velocity and particle concentrations will be established in the turbulent flows characteristic of shallow coastal habitats (Denny 1988 , Frkchette et al. 1989 , Shimeta & Jumars 1991 . Theoretical and empirical studies of these gradients show that they are affected by both small-scale (e.g. surface topography and organism morphology) and large-scale (e.g. freestream velocities and particle concentrations) processes. Here we focus on conspicuous, easily measured large-scale variation within coastal regions. The issue addressed is whether regional variation in features such as free-stream flow speed, food abundance, and temperature is correlated with corresponding regional variation in the feeding, growth, and population dynamics of benthic filter feeders. Alternatively, the effects of these large-scale components of the flux of particles may be masked by unmeasured differences among sites in the small-scale features that also affect near bottom gradients. If so, simply assaying largescale features, as we do here, will have little explanatory power.
Acorn barnacles are promising organisms to examine linkages between water column dynamics and sessile filter feeders. They have been extensively studied, and we know a great deal about their general biology (see Southward 1987 for a review) and population dynamics (e.g. Connell 1961 , Wethey 1983 , Gaines & Roughgarden 1985 , Bertness 1989 . Moreover, whereas early studies suggested that barnacle growth is enhanced in high flows (Hatton 1938 , Crisp 1960 ), recently we have found that within-and among-site variation in the growth and reproductive output of the northern acorn barnacle Semibalanus balanoides is correlated with variation in both food concentrations and flow patterns (Bertness et al. 1991) .
Flow and food supply effects on barnacle feeding and growth have not been well studied under field conditions. Laboratory studies have examined the mechanisms of active barnacle feeding in still water (for review see Anderson & Southward 1987) , but little attention has been paid to barnacle feeding under realistic flow conditions (for an exception see Trager et al. 1990) . Studies of barnacle feeding in the field are entirely absent from the literature.
Here we examine the general hypothesis that within-and among-site environmental variation affects the feeding and population biology of the northern acorn barnacle Semibalanus balanoides. Specifically, we: (1) quantify the effects of free-stream flow speed, food concentration, and temperature on barnacle feeding under laboratory conditions; (2) examine within-and among-population patterns in S. balanoides feeding and growth in relation to environmental conditions; and (3) explore the potential consequences of flow-driven growth rate and recruitment variation on the dynamics of barnacle populations. Together, our results suggest that the feeding, growth, and population processes of passive filter-feeding organisms on rocky shores may be much more tightly linked to large-scale water column processes than is generally recognized.
METHODS
Laboratory studies. We designed our laboratory experiments to examine the relative influence of flow speed, water temperature, and food concentrations on Semibalanus balanoides feeding behavior under controlled laboratory conditions. All experiments were run in June and July 1991 in a recirculating flow tank built after the design of Vogel & LaBabera (1978) with a 18 cm wide by 18 cm deep cross-sectional working area.
Unlike laboratory studies of feeding by soft-bottom suspension feeders (for review see Shimeta & Jumars 1991), our studies were not designed to precisely mimic field flow conditions. In contrast to flows over smooth mud bottoms that may develop an equilibrium boundary layer, these barnacles live on very irregular surfaces (large cobbles and boulders) that experience highly irregular, turbulent flows (Denny 1988). Measuring the flow field in such circumstances is difficult, as it would be to simulate it in the laboratory. Instead, we use these laboratory studies simply as a first look at how changes in free-stream flows may alter feeding activity.
Free-stream flow speed was monitored with a current meter (Marsh-McBirney model 201), a unidirectional sensor mounted 5 cm above the flow tank floor in the center of the tank. Current meter readings taken in this way were similar (f 5 % ) , at all velocities used in our experiments, to free-stream velocities calculated by directly measuring the velocity of neutrally buoyant particles from videos of the tank. As in the field, these free-stream velocities are used as an index of the general flow patterns. Water temperature in the flow tank was thermostatically controlled (+ O.l°C). Barnacles used in the laboratory were haphazardly collected from field populations on flat (2 to 4 cm thick) cobbles from intermediate (+ 0.5 m) tidal heights. Two Semibalanus balanoides age classes were examined separately: ( l ) juveniles, 3 to 4 mo old recruits and (2) adults, > l 4 mo old. These age classes were easily distinguished on the basis of size differences at all sites throughout the study.
The percentage of individuals feeding was used to assay feeding activity. Feeding barnacles were operationally defined as individuals exhibiting full and regular cirral extensions during a 30 S observation period. Once feeding was initiated, individuals tended either to feed continuously for at least several minutes or not at all, so we could easily assess the number of individuals feeding at any given time. The percentage of barnacles feeding was quantified by haphazardly selecting 25 to 50 adult and juvenile barnacles per replicate and scoring them for feeding. We also examined the rate of cirral beat (Crisp & Southward 1961) in both the laboratory and the field. Cirral beat frequency was found to be independent of flow speed and food concentrations, but dependent on body size and temperature (see Anderson & Southward 1981 for review) . These data will be presented elsewhere.
Flow speed and temperature effects on barnacle feeding. We quantified Semibalanus balanoides feeding over a range of free-stream flow speeds (0 to 21 cm S-') and water temperatures (10 to 25°C) typically experienced by southern New England (USA) barnacles. Unfiltered seawater from Portsmouth, Rhode Island, USA, was used for all trials. Cobbles from Portsmouth with S. balanoides were acclimated for 5 d to each test temperature in recirculating water baths with Portsmouth seawater before testing. Only cobbles with low (1 ind. cm-') barnacle densities were used to minimize neighbor interference (Okamura 1984) , and only barnacles > 3 cm from the edge of cobbles were scored for feeding to avoid edge effects (Mullineaux & Butman 1990) . Also, all feeding observations were made in the center of the flow tank to minimize wall effects on flows within the tank (Vogel & LaBarbera 1978) .
For each trial, a cobble with barnacles was exposed to aerial conditions at the acclimation temperature for 4 h to simulate low-tide exposure. The cobble was then placed in the flow tank with fresh seawater and barnacle feeding was quantified during 4 sequential 20 min periods of increased flow speed. Barnacles were first placed in still water for 20 min, followed by 20 min each at 3, 7, and finally 21 cm S-'. After 5 min at each flow speed the percentage of adults and juveniles feeding was quantified. Eight replicates were run at each temperature. Food depletion did not appear to influence these trials. The number of barnacles feeding always responded quickly to changes in flow, was relatively constant over all observation periods, and increased strongly in all runs as flow was increased (see 'Results'). Moreover, the feeding of control barnacles run at each flow speed remained constant for at least 90 min at all test temperatures and chlorophyll concentrations were always virtually identical before and after each flow tank feeding trial (unpubl, data) . Food level effects on barnacle feeding. To examine the effect of food concentrations on barnacle feeding, barnacles were collected at open coast (Little Compton) and bay (Portsmouth) sites and their feeding activity was examined in water with different food concentrations. Three different water types were tested: (1) Portsmouth water (high chlorophyll concentrations, 2.32 f 0.23 pg m-3), (2) diluted Portsmouth water (low chlorophyll concentrations, 1.18 k 0.03 pg m-3), and (3) unfiltered Little Compton water (low chlorophyll concentrations, 0.39 k 0.03 pg m-3). These treatments were chosen to expose barnacles to water with different chlorophyll concentrations (Bertness et al. 1991) and to test the hypothesis that differences in barnacle feeding activity among sites (see 'Results') were influenced by food concentrations. Diluted Portsmouth water was made to mimic the chlorophyll content of Little Compton water and was prepared by mixing 40 1 of filtered (Baxter Grade 362) Portsmouth water with 10 l of unfiltered Portsmouth water. Trials at each food level were run at 20°C with a flow speed of 7 cm S-'. Sixteen replicates from each site of origin were run at each food level treatment. The percentage of individuals feeding was determined after 20 min. Chlorophyll content of the water used was measured photometrically before each run (see below).
Field studies. We examined Semibalanus balanoides feeding, growth, and population dynamics at 5 south- ern New England locations ( Fig. 1 ) to complement our laboratory studies. The sites were selected to have extreme variation in flow speed and food concentrations (Bertness et al. 1991) . Three of the sites were in Narragansett Bay (high food concentrations), and 2 were on the adjacent open coast (low food concentrations). Within Narragansett Bay, 2 of the sites, Common Fence Point and Mt. Hope, were on opposite sides of Mt. Hope Bay and experienced low free-stream flows (< 5 cm S-' measured 5 cm above the bottom) and wave action (<0.5 m). The third bay site, Portsmouth, was situated at a constriction in the estuary and experienced stronger tidal currents (up to 35 cm S -' ) . At sites within the bay, tidal currents were responsible for the highest flows observed. Both open-coast sites (Little Compton and Newport) were regularly exposed to high free-stream flows (>40 cm S-') and heavy waves (up to 3 m). At these sites the highest flows observed were always wave generated.
Within each site, we also examined barnacles in high and low-flow habitats. At Mt. Hope and Newport we studied barnacles on seaward (exposed) and landward faces of large boulders. At Common Fence Point and Portsmouth we examined barnacles on large boulders on the shoreline (a low-flow regime) and 5 to 10 m offshore where flows were consistently higher. At Little Compton, our high-flow habitat was on the waveexposed side of a 20 m wide rock spit whereas the lowflow habitat was on the wave-protected side of the same spit.
Measurement of environmental variables. We characterized environmental conditions within and among field sites by monitoring water movement, food concentrations and temperatures. Our purpose in quantifying these variables was not to determine the precise conditions experienced by feeding barnacles in the field, but simply to quantify gross differences within and among sites that likely are reflected in conditions faced by barnacles. To quantify flow we measured the dissolution of calcium sulfate (dental plaster). The dissolution rate is proportional to flow speed and has been widely used to estimate gross differences in water movement among sites (Opdyke et al. 1987 , Eckman et al. 1989a , b, Mullineaux & Butman 1990 , Bertness et al. 1991 , Yund et al. 1991 . We used chalk cylinders 2 cm tall with a diameter of 7.5 cm, sealed on the sides and bottom with polyurethane, leaving an erosion surface that remained constant in area as the blocks dissolved. The blocks were glued to wire mesh bases and bolted to rock surfaces in the field. Blocks at all sites were placed at identical low (0 m) tidal heights to minimize dissolution differences among sites due to variation in rainfall or air temperature while exposed at low tide. Each chalk block was weighed (f 0.01 g) before deployment, and after 5 d of exposure was dried and reweighed. Every 10 to 14 d from May to September 1991 we quantified chalk dissolution in high-and lowflow habitats at haphazardly selected locations at each site (4 blocks site-' exposure-' date-'). At each site and exposure we also directly measured free-stream flow velocities 5 cm above barnacle covered surfaces at least every week with a Marsh-McBirney flow meter. These direct measurements of flow velocity were made during all tidal phases over the course of our study.
As a relative measure of food abundance, chlorophyll a concentrations were monitored weekly from May to August 1991. While boundary (or bottom) food concentrations experienced by filter feeders can vary markedly from concentrations in the overlying water column (Wildish & Kristmanson 1979 , Muschenheim 1987a , b, Frechette et al. 1989 , our measurements were made simply to quantify relative differences in potential food concentrations among sites. At each site during high tide we collected three 6 1 water samples 5 m offshore over barnacle populations at a depth of 15 cm. Samples were immediately filtered and chlorophyll a concentrations were determined photometri-cally (Strickland & Parsons 1968) . Since preliminary estimates of chlorophyll a concentrations were similar in high-and low-flow microhabitats at all study sites, we subsequently sampled chlorophyll in high-flow microhabitats only. Water temperatures (at a depth of 10 cm) were also taken at each site on days we sampled chlorophyll.
Barnacle feeding patterns in the field. We examined Semibalanus balanoides feeding in the field at identical tidal heights (0.5 m) at each field site using SCUBA. On sampling days, feeding observations were made at a single site throughout a tidal cycle. Observations were made ca 30 min after the barnacles were submerged by the incoming tide, ca 30 min before high tide, and ca 90 min before the barnacles were exposed by the following low tide. Immediately before each observation period, measurements of free-stream flow 5 cm above the bottom where feeding observations were made and water temperature were taken in highand low-flow habitats.
Observers were downstream of barnacles and barnacle feeding did not appear to be affected by their presence. We quantified the percentage of barnacles feeding in the field in 10 to 20 haphazardly selected small groups (25 to 50) of juveniles and adults in highand low-flow habitats during each observation period. Feeding was quantified at all sites and flow regimes in early June and July. In August and September feeding was quantified only at sites within Narragansett Bay due to time and logistic constraints. Qualitative observations of barnacle feeding were made every week at all study sites (June to September 1991) to supplement our rigorous quantification of feeding behavior.
Within-and between-population patterns in growth. Barnacle growth-rate variation within and among sites was examined by measuring the sizes of solitary individuals of a single year class (recruits) monthly from April to September 1991. Solitary individuals were defined as recruits not in physical contact with other barnacles. To ensure that the recruits we sampled were of approximately the same age, at each location and flow regime we cleared 4 areas of 1 m2 of all barnacles at intermediate (+ 0.5 m) tidal heights in the last week of March 199 1. Since Semibalanus balanoides settlement stopped at all sites by the middle of April , this provided a supply of recruits of similar ages at each site. Each month, ca 40 haphazardly selected recruits were collected from each site and flow regime. Solitary individuals were sampled to avoid confounding effects of crowding on recruit sizes (Barnes & Powell 1950) . Of these 40 recruits, 20 randomly selected individuals were measured (maximum basal diameter, f 0.1 mm) and soft tissue was separated from the shell and dried and weighed (f 0.01 mg).
Within-and between-site barnacle recruitment and population dynamics. To examine within-and amongsite variation in population processes and particularly to test the hypothesis that within and among site vanation in flow regimes affects barnacle population processes, we quantified recruitment and the densitydependent mortality of Semibalanus balanoides recruits at our study sites. In both 1990 and 1991, at each site (except Common Fence Point) we marked twenty 100 cm2 quadrats at intermediate tidal heights (+ 0.5 m) in low-and high-flow microhabitats in December before settlement. All barnacles were removed from the quadrats and a 5 cm border around each quadrat. Intermediate tidal heights were used to minimize barnacle mortality due to thermal stress and consumer pressure (Bertness 1989) . Predatory snails were relatively rare at intermediate tidal heights at all sites, but to prevent these predators from influencing barnacle mortality in the quadrats we regularly removed all predatory snails found within 3 m of the quadrats. This effectively prevented any predatory snails from entering the quadrat areas. No other known barnacle predators were found at intermediate tidal heights at the sites. After S. balanoides settlement in April, barnacles in half of the quadrats at each site were thinned to low densities to limit crowding ( < l 0 0 recruits quadrat-'; see Bertness 1989) , and the quadrats were photographed. Quadrats were photographed again the following September, and barnacle survivorship was quantified as a function of site, density, and flow regime.
Data analysis. All data were analyzed using analysis of variance (ANOVA). For the flow tank experiment examining flow speed and temperature effects on feeding, arcsine-transformed feeding percentages were analyzed with a 3-way (age class X flow speed x temperature) repeated-measurement ANOVA. For the food concentration experiment, arcsine-transformed feeding percentages were analyzed with a 3-way (source population X age class X water treatment) ANOVA.
Since chalk dissolution and chlorophyll concentration variation among sites was extremely consistent over time, the data were pooled by site and flow regime for analysis. Chalk dissolution was analyzed with a 2-way (site X exposure) ANOVA, while the chlorophyll data were analyzed with a l-way (site) ANOVA.
Analysis of the field feeding data was complicated since we were unable to quantify feeding at all sites throughout the summer. Therefore, we analyzed arcsine-transformed data on the percentage of individuals feeding for only those months with data from all sites (June and July) with a 4-way (site X flow regime X age class X month) ANOVA. For analysis of all field data, site, flow regime, and age class were treated as fixed variables.
Barnacle size and recruitment data were analyzed with 3-way (site X flow regime X time) repeated measurement ANOVA. Barnacle survivorship data (arcsine-transformed) were analyzed with a 4-way (site X flow regime X density treatment X year) ANOVA to examine annual variation in mortality among sites and flow regimes. Fig. 2 . Sernibalanus balanoides. Effect of flow speed and water temperature on the feeding activity (average % of individuals feeding) of temperature-acclimated barnacles under laboratory conhtions. For each flow speed and temperature the data are the mean (+ SE) of 8 measurements on groups of adult (> 14 mo old) and juvenile (< 7 mo old) mdviduals
RESULTS
Flow, temperature, and food concentration effects on barnacle feeding
Barnacle feeding activity was found to be strongly dependent on environmental conditions (Fig. 2) . Barnacle feeding in the flow tank increased with increasing flow speed, peaked at intermediate temperatures, and juvenile barnacle feeding was nearly twice as high as adults at all flow speeds and temperatures (p < 0.001, multiple F-tests). Flow effects on feeding were similar at all temperatures (p > 0.25, flow speed X temperature interaction) and flow and temperature had similar effects on adult and juvenile feeding (p > 0.50, flow X temperature X age class interaction).
All barnacle filter-feeding in the flow tank was passive rather than active except in still water (sensu Crisp & Southward 1961 ). Even at low flow speeds, barnacle feeding was characterized by slow rhythmic cirral beats with no indication of rapid cirral beating to actively generate feeding currents.
Food concentration (p < 0.0001, df = 2, 185, F = 225), site of origin (p < 0.0001, df = 1,185, F = 429) and barnacle age (p < 0.0001, df = 1,185, F = 600) all directly affected barnacle feeding in the food concentration experiment (Fig. 3) . Barnacle feeding activity increased with increased food concentrations, but feeding activity was always greater in Portsmouth water (full strength or dilute), suggesting that qualitative as well as quantitative differences in food supply influence feeding activity. Moreover, barnacles from Little Compton, a low food concentration site, fed much more actively than barnacles from Portsmouth, a high food concentration site, suggesting that feeding history influences feeding activity (Fig. 3 ). Food concentration effects on feeding, however, varied with both the site of origin of the barnacles (food concentration X site of origin interaction, p < 0.006, df = 2,185, F = 7.65) and barnacle age (food concentration X age interaction, p < 0.001, df = 2,185, F = 24). Adult barnacles from Little Compton responded to variation in food concentration more than barnacles from Portsmouth. Moreover, juveniles from both sites fed more frequently than adults, but age effects on feeding were more pronounced on Portsmouth than Little Compton barnacles [site of origin X age interaction, p < 0.01, df = 1,185, F = 10.0). The 3-way interaction among food concentration, site of origin, and barnacle age was also significant (p < 0.001, df = 2,185, F = 54). These complex interactions were due to differences in the magnitude of feeding responses only, since the qualitative effects of site of origin, food concentration, and barnacle age were always consistent [ Fig. 3 ). and Common Fence Point were 6 and 10 cm S-', respectively, whereas, at Portsmouth maximum flows Chlorophyll concentrations (p < 0.01, df = 4,128, F = 3.45) generally decreased from inland to open-coast locations (Fig. 4) Water temperature differences between the bay and the open coast were also pronounced (Fig. 5) . All sites showed seasonal increases in water temperature over the summer, but on the open coast water temperature never exceeded 24 "C. In contrast, at the most inland sites (Mt. Hope and Common Fence Point), water temperatures generally exceeded 25 "C from the middle of July to the middle of August with maximum temperatures reaching 29°C (Fig. 5) .
Field feeding patterns
As in the laboratory, barnacle feeding in the field was entirely passive with no evidence of barnacles actively beating their cirri to generate feeding currents. Barnacle feeding, however, varied within and among sites as well as over tidal cycles in response to changes in free-stream flow speeds. Tidal cycle variation in feeding was usually more conspicuous in adults than juveniles. Whereas juvenile feeding generally remained relatively constant over a tidal cycle, adult feeding was usually elevated during incoming and outgoing tides when individuals experienced elevated (by 2 to 3 times) flow speeds (for a typical example see Fig. 6 ). This temporal variation in feeding, however, was small in comparison to within and among site spatial variation in feeding, so observations taken over tidal cycles were pooled (Fig. 7) . 
NO
Within and among site variation in feeding was apparent in June and July when we have data for all sites. Age class (p < 0.0001, df = 1,1355, F = 362), flow regime (p < 0.0001, df = 1,1355, F = 200) date (p < 0.001, df = 1,1355, F = 796), and site (p < 0.001, df = 4,1355, F = go), directly affected feeding. As in the laboratory, juvenile feeding percentages were higher than adult feeding percentages. Adult and juvenile feeding responded differently across sites (p < 0.0001, df = 4,1355, F = 27, age X site interaction), but not in different flow conditions (p > 0.10, df = 1,1355, F = 2.4, age X flow speed interaction). The feeding responses of adults and juveniles were qualitatively similar, but the magnitude of changes in adult feeding were larger than those in juvenile feeding. Differences between adult and juvenile feeding were generally accentuated at low food supply sites (e.g. Newport and Little Compton) and low flow rates (Fig. 7) .
Semibalanus balanoides feeding in the field was also enhanced in high-flow habitats at each site, but the magnitude of flow enhancement of feeding varied across sites (p < 0.0001, df = 4,21355, F = 34, flow X site interaction). Flow effects on feeding were generally greatest at sites with the highest flows and lowest food concentrations (e.g. Newport and Little Compton; Fig. 7 ).
The percentage of barnacles feeding also varied inconsistently among sites over time (p < 0.0001, df = 4, 1355, F = 319, site X time interaction). This interaction was due to stronger seasonal variation in feeding at inland sites. Although feeding percentages at Mt. Hope and Common Fence Point were higher in June than at all other sites for juveniles and adults in both high-and low-flow habitats (p < 0.05, Scheffe test each case), by July feeding virtually stopped at Mt. Hope and Common Fence Point (Fig. 7) . No other 2-, 3-, or 4-way interactions among site, date, exposure, or age with the field feeding data were significant (p > 0.10).
Low feeding activity at inland sites in the summer was consistent with laboratory results predicting sharp reductions in feeding at high water temperatures and low flow speeds (Fig. 2 ). Virtually all of the feeding activity seen at the inland sites in July and August occurred during changing tides when the barnacles experienced increased flow speeds. At Portsmouth, where water temperatures were lower and flow speeds were higher, barnacle feeding remained high throughout the summer (Fig. ?) . We tested the hypothesis that low summer feeding activity at inland sites was due to physical conditions of high temperatures and low flow speeds by exposing field barnacles to artificially enhanced flow speeds at high tide. In August, when only 4.5 f 1.1 % (n = 28 counts) of juveniles at Mt. Hope were feeding under natural conditions (flows < 2 cm S-'), we experimentally increased flow speeds by simply fanning barnacles with a diving flipper. Flow speeds were increased to 15 to 20 cm S-' (measured 5 cm above the bottom) and feeding increased within 10 s by over an order of magnitude (54.2 * 2.2 %, n = 21 counts). Feeding activity dropped to control levels less than 1 min after artificially enhanced flow speeds were stopped.
High levels of feeding resumed at all the bay sites in September when water temperatures dropped (Fig. ?) , further supporting the hypothesis that midsummer feeding activity was inhibited at inland bay sites by high water temperatures.
At open-coast sites (Little Compton and Newport) barnacle feeding remained relatively constant over the entire summer (Fig. 7 and authors' qualitative observations). In August and September, weekly observations confirmed that barnacles on the open coast continued to feed actively throughout the summer.
Variation in growth
Juvenile shell diameters and soft tissue weights (Fig. 8) varied significantly among locations (diameters, p 0.01, df = 1,1266, F = 49; weights, p < 0.0001, df = 4,1266, F = ?3), flow regimes (diameters: p < 0.01, df = 1,266, F = 30; weights: p < 0.0001, df = 1,1266, F = 16.7), and over time (diameters: p < 0.0001, df = 4,1266, F = 3050; weight: p < 0.0001, df = 4,1266, F = 884). Portsmouth barnacle sizes were substantially larger than those from any other site, and at all sites barnacles reached larger sizes in high-flow relative to lowflow microhabitats. Differences in both shell diameters (p < 0.0001, df = 4,1266, F = 63)and soft tissue weights (p < 0.0001, df = 4,1266, F = 167) among sites varied significantly over time (site X time interaction), but no other 2-or 3-way interactions were significant (p > 0.10). By July recruits at Mt. Hope and Common Fence Point had basal diameters twice as large as at opencoast locations (Little Compton and Newport). The diameter of inland barnacles, however, did not increase over the rest of the summer (p > 0.10, Scheffe test all cases). This lack of growth paralleled the seasonal decllne in feeding at these sites when temperatures exceeded 25°C. In contrast, recruits from the open coast continued to grow and by September were as large or larger than their inland counterparts (Fig. 8) . Differences in soft-tissue growth among sites were even more pronounced (Fig. 8) . At Mt. Hope and Common Fence Point, tissue weights increased in the spring and by July were 2 to 4 times higher than comparable open-coast barnacles. In August and September, however, tissue weights of inland barnacles remained constant or declined, suggesting that without feeding they were expending soft tissue reserves. This was in sharp contrast to the continued tissue growth of open-coast juveniles (Fig. 8) . By September in high-flow habitats, tissue weights of open-coast recruits equaled or exceeded those at inland sites.
Growth rates at Portsmouth, where feeding activity continued throughout the summer and chlorophyll concentrations were relatively high, were remarkably higher than at all other sites (Fig. 8) . By September, Portsmouth recruits in high-flow habitats had softtissue weights 3 to 18 times higher than barnacles in all other locations.
Variation in local barnacle population dynamics
Semibalanus balanoides recruitment (Table 1) varied by over an order of magnitude among sites (p < 0.0001, df = 3,144, F = 413) and was enhanced in highflow microhabitats within sites (p < 0.0001, df = 1,144, F = 1529). Year did not directly influence recruitment (p > 0.10, df = 1,144, F = l.?), but site differences in recruitment vaned strongly among years (p 0.0001, df = 3,144, F = 780, site X year interaction), Recruitment within Narragansett Bay (Mt. Hope and Portsmouth) was higher in 1990 than in 1991 whereas on the open coast (Little Compton and Newport) recruitment was higher in 1991 than 1990. These differences in recruitment reflect corresponding differences in larval densities (Gaines & Bertness 3.993) and annual differences in bay flushing and larval transport out of the bay (Games & Bertness 1992) and are discussed elsewhere.
Recruitment was also enhanced in high-flow microhabitats, but flow effects on recruitment varied among sites and years (p < 0.001, df = 3,144, F = 141; flow X site, flow X year, and flow X site X year interactions). The qualitative pattern was always the same -highflow rnicrohabitats always had a higher number of recruits than low-flow microhabitats. The magnitude of the enhancement of recruitment in high-flow microhabitats, however, varied among sites and years, hence the significant statistical interaction (Table 1) . Table 1 . Semibalanus balanoides. Recruitment densities (recruits 100 cm-2) measured in early April immediately after settlement ceased in high-and low-flow habitats at the study sites in 1990 and 1991. All data are from intermediate tldal heights (+0.5 m) and are the mean of ten 10 X 10 cm quadrats site" flow regime-' Fig. 9 . Semibalanus balanoides. Recruit survivorship at natural and thinned ( c 2 lnd cm-') densities in high-and lowflow mlcrohabitats at the study sites in 1990 and 1991. Each bar represents the mean (? SE) of 8 to 10 replicate quadrats df = 1,225, F = 0.8). Recruit mortality was generally higher at high densities than at low densities, and higher in high-flow than in low-flow microhabitats reflecting intensified density-dependent mortality at high recruit densities and growth rates. The magnitude of these effects, however, varied markedly among years (p < 0.001, df = 1,255, F = 164, year X density interaction; p < 0.0001, df = 1,225, F = 26, year X flow interaction) and sites (p < 0.0001, df = 2,225, F= 20, site X flow interaction; p < 0.001, df = 3,225, F = 107, site X density interaction; p < 0.0001, df = 3,225, F = 281, site X year interaction) largely as a consequence of site and year variation in recruit densities (Table 1) . Within Narragansett Bay, for example, recruit mortality at high densities was generally higher in 1990 than in 1991 reflecting the high recruit densities in 1990. All 3-way and 4-way interactions among sites, densities, years and flow microhabitat, however, were also significant (p < 0.001, all cases).
To visualize the nature of the key interactions among sites and flow microhabitats, in Fig. 10 the recruit survivorship data are plotted as a function of initial recruit density pooling data from each site and flow microhabitat. At sites within Narragansett Bay (Mt. Hope and Portsmouth) density-dependent mortality was apparent in both high-and low-flow microhabitats, but was
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'Is and low-flow (---) microhabitats more severe at high than low flow speeds. In high-flow habitats at these sites accelerated growth rates led to increased barnacle crowding, hummock formation, and subsequent barnacle mortality in comparison to low-flow microhabitats with lower growth rates. In contrast, at the open-coast sites (Newport and Little Compton), density-dependent mortality was only apparent in high-flow microhabitats where growth rates were the highest. In low-flow microhabitats at the open-coast sites, barnacle crowding and densitydependent mortality appeared to be minimized by low growth rates (Fig. 8) .
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DISCUSSION
Our results suggest that the feeding, growth, and population dynamics of acorn barnacles are tightly coupled to water column characteristics and that vanation in free-stream flow speeds and food concentrations may leave strong signatures on benthic populations.
Acorn barnacle feeding
Barnacle feeding has previously been shown to be sensitive to variation in flow and food concentrations in the laboratory (for review see Anderson & Southward 1987) . Previous work, however, focused exclusively on how physical conditions influence how barnacles feed (i.e. cirral beat frequency). We have focused on when rather than how barnacles feed. We found that Semibalanus balanoides feeding activity increased with both flow speed (Fig. 2 ) and food concentrations (Fig. 3) , suggesting that barnacles feed most when the delivery of food is high. In contrast, barnacle feeding decreased with increasing body size and at high temperatures (Fig. 2) , indicating that feeding decisions are also mediated by metabolic demands. Metabolic rates in poikilothermic organisms are known to decrease with increasing body size (Prosser 1973 ) which may explain the decreased feeding activity observed in larger barnacles in the laboratory and field (Figs. 2 & 7) . Moreover, reduced feeding at high temperatures would be predicted if increased temperatures elevate metabolic rates and feeding costs. This suggests that barnacle feeding may be dictated by a simple codbenefit balance. Water temperature and body size may dictate metabolic demands and set the baseline cost of feeding. Food concentrations and delivery rates appear to dictate feeding benefits and lead to increased barnacle feeding at high flow speeds (Fig. 2) and food concentrations (Fig. 3) .
Water column effects on growth and population dynamics
Variation in barnacle feeding in the field responded to variation in flow speed and temperature as predicted by our laboratory studies. Moreover, variation in barnacle feeding in the field was directly reflected in field growth-rate patterns. Individuals exposed to high flow speeds both within and among sites fed more frequently and grew to larger sizes than individuals exposed to low flow speeds (Fig. 8) . Moreover, temperature effects on feeding were also apparent and led to among-site variation in barnacle feeding and growth. At inland sites, where high temperatures led to reduced feeding during the summer months, shell growth stopped and soft-tissue weights decreased likely reflecting the utilization of stored energy reserves (Fig. 8) . In contrast, in open-coast habitats where temperature remained relatively low, barnacles continued to feed and grow throughout the summer.
Among-site variation in barnacle growth led to extreme variation in the size of recruits both within and among sites (Fig. 8) . At Portsmouth, for example, recruits exposed to high flow speeds, high food levels, and moderate temperatures grew to over 10 mm in basal diameter with dried-tissue weights of nearly 9 mg. In contrast, Little Compton recruits exposed to low flow speeds and food concentrations grew to less than 4 mm in basal diameter and 0.26 mg dried tissue body weight. This order of magnitude variation in growth can lead to extreme variation in reproductive output within and among populations (Bertness et al. 1991 ) that may have strong effects on the supply and source of future recruits.
Increased growth rates can also potentially influence the density-dependent dynamics of barnacles by accelerating individual crowding, hummock formation, and mortality (Bertness 1989) . Density-dependent mortality of barnacles, however, is dictated by both growth rates and recruitment densities (Barnes & Powell 1950) . Since high flow speeds can enhance recruitment by increasing the flux of potential settlers to a site (Table 1 , see also Gaines & Bertness 1993), and increase growth by increasing food fluxes, flow can have much more dramatic effects on filter-feeding benthic populations than the effects of variable recruitment or growth rates alone would predict. While our examination of within-and among-site variation in the dynamics of Semibalanus balanoides did not experimentally evaluate the roles of other biotic (e.g. predation) and physical (e.g. heat and desiccation) factors on S. balanoides dynamics, the results strongly suggest that flow-speed variation can dramatically influence barnacle population dynamics. At both sites exposed to high flows (e.g. Portsmouth) and high-flow microhabitats within sites, we consistently found increased S. balanoides settlement (Table l ) , growth (Fig. 8) , and accelerated density-dependent mortality (Figs. 9 & 10) . We monitored S. balanoides population dynamics at intermediate tidal heights to minimize the predation (Connell 1972 , Menge 1976 ) and physical stress (Wethey 1983 , Bertness 1989 ) mortality common at lower and higher tidal heights respectively. While these other factors likely often override the influence of crowding on barnacle population dynamics at higher and lower tidal heights, our results strongly suggest that the synergism between flow enhancement of settlement and food supply potentially has dramatic consequences on patterns of barnacle densitydependent dynamics.
Flow speed, food supply and population dynamics of sessile filter feeders
While we examined barnacles, our results likely apply to passive filter-feeding organisms in general, and imply that benthic organisms may be more tightly coupled to oceanographic conditions than is generally appreciated (also see Sebens 1984 , Eckman et al. 1989a .
Recently, considerable attention has been given to the role of larval supply in dictating marine invertebrate populations (e.g. Hawkins & Hartnoll 1982 , Roughgarden et al. 1987 , Shanks & Wnght 1987 , Underwood & Fairweather 1989 , Sale 1990 ). This work has suggested that larval dynamics can often be driven by oceanographic conditions. Upwelling (Roughgarden et al. 1988 ) and embayment flushing can dictate geographic patterns in larval recruitment and affect the distribution and abundance of adults. At smaller spatial scales, fluid dynamics can also influence settlement patterns (Eckman 1983 , Butman 1987 , Mullineaux & Butman 1990 ). Recruitment effects, however, may be only part of the role played by water column features in shaping benthic marine assemblages.
Oceanographic features that affect larval recruitment often also influence the feeding and growth of benthic filter feeders. For passive filter-feeding organisms, in particular, this synergism may often magnify the effects of oceanographic processes on populations. If habitats exposed to high flows typically have enhanced recruitment and growth rates, the signature of oceanographic condition on benthic invertebrate assemblages may be substantial.
Oceanographic features that influence the recruitment and secondary production of sessile filter feeders are also likely to trigger cascading effects on the structure of marine assemblages. For example, since species of filter feeders may be differentially influenced by flow speed (Walne 1972 , LaBarbera 1984 , oceanographic features that influence fluid dynamics may dictate the outcome of competitive interactions among filter feeders. Moreover, conditions that support increased secondary production are also likely to support larger and potentially more diverse consumer populations (Connell & Orias 1964 , Sanders 1968 .
Understanding these linkages between water column and benthic processes will require taking a broad geographic approach to studying marine populations, but could greatly enhance our understanding of process and pattern in marine assemblages.
